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SKIN REGENERATION USING MESENCHYMAL STEM CELLS 

Adult skin consists of an epidermis generated principally by keratinocytes [1] 
and a complex dermis, populated by fibroblastic cells of mesenchymal origin [2], 
interspersed with vasculature, hair follicles, and other accessory structures. Within 
the dermis are histologically distinct regions: the papillary dermal layer just below 
the epidermal basement membrane, and the reticular dermal layer extending deeper 
to the hypodermal areas containing muscle and fat. There is no formal lineage map 
for dermal fibroblasts. Although types of dermal cells in culture have been 
described by elaborate morphological and biochemical criteria [3], the lineage 
progression from a mesenchymal dermal progenitor cell to reticular, papillary and 
follicular dermal cells is not understood. 

Among the dermal fibroblasts appear to be a restricted population of 
mesenchymal stem cells (MSCs) |4J first identified as pluripotent, adherent cells of 
the bone marrow stroma |5|. MSCs in the adult are cells capable of giving use to 
a variety of mesenchymal phenotypes, including bone, cartilage, muscle, tendon, 
ligament, adipocytes, connective tissues, and dermis. Fleming et al. [4| at Case 
Western Reserve University, have demonstrated that a small sub-population of the 
fibroblastic cells residing in the dermis react with monoclonal antibody SH2, a 
reagent that specifically labels MSCs in bone marrow [6J. The MSCs are clustered 
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near vasculature, hair follicles, and adjacent to the epidermal basement membrane, 
although the significance of this pattern of localization has not yet been determined. 
Interestingly, Fleming and coworkers [4] also suggest that the number of MSCs in 
dermis, based on SH2 reactivity, decreases with the age of the patient to undetectable 
levels after age 20. This observation may contribute to our understanding of skin 
aging and its potential for self-renewal. 

Relatively little is known about the embryologic development of human skin, 
although Holbrook and coworkers [2,7] have described a sequence of layer 
appearance with focus on the vasculature and appendage elements. Markers for 
extracellular matrix molecules, cell surface proteins, and growth factors have been 
used to help characterize the layers of skin during development, but the lack of 
model systems for in vitro differentiation has hampered progress in the field. Skin 
organ cultures [7] or embryonic side spheroids are the best system reported to study 
embryonic s development. These cultures consist of patches of full-thickness side 
introduced into suspension culture, where they round up to form spherical bodies. 
These cultures have epidermis on the outside and dermis on the inside, and they 
progress through a relatively normal sequence of developmental events. Because of 
the geometry of these bodies, it is difficult to use the spheroids to establish 
unequivocally the lineage progression of dermal cells. 

In recent years, living skin equivalents [1] have been established, and the 
technology for reconstituting the epidermal layer from autologous or allogeneic 
keratinocytes has become highly advanced. The feeder layers for these keratinocyte 
cultures are generally fibroblasts in a formulation suitable for co-culture. While 
these skin equivalents can function in grafts, the fibroblastic feeder layers are not the 
same as a true, multi-layered dermis. 

The principal needs for skin repair and regeneration methods and products 
are severe burns and skin ulcers. While there is substantial demand for improved 
therapy, there are no completely satisfactory products either on the market or in 
clinical development. The scope of the need in the United States is estimated as 
follows: 
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T yp. nf iniurv Frtimated U t S. patient population 

. . , _ c 2.000,000 
Partial thickness burns 

100 000 

Hospitalized burn patients 

Burns requiring skin grafts 70,000 

Skin grafts performed (reflects multiple 150,000 
sites per patient) 

Pressure (decubitus) ulcers 1,500,000 

, 500,000 
Venous ulcers 

^ . . 600.000 
Diabetic ulcers 

100 000 

Moh's surgical wounds iw,ww 

Partial thickness burns constitute those where the bum involves the surface layer of 
skin (epidermal layer) and into, but not through the underlying dermal layer. Most of these 
injuries are treated without graft or other tissue replacement. This conservative approach is 
effective because keratinocytes (the primary cell type of the epidermis layer) required to repair 
the epidermal layer are present in the dermis, particularly in the tissue surrounding hair 
follicles and sebaceous glands. 

Patients with more extensive burns generally can not be adequately treated through 
spontaneous healing because (1) these burns frequently destroy the underlying dermal layer 
which provides the source of keratinocytes. (2) healing for full thickness wounds must occur 
from the margins, which is a long process that exposes the patient to a high risk of infection 
through unprotected tissue and (3) spontaneous healing will lead to serious scar-ring and skin 
contraction that is both cosmetically unattractive and may be physically restrictive due to loss 
of flexibility and range of motion. 

Severe bums are a primary application for mesenchymal stem cell therapy because they 
represent a serious medical threat, they result in a high cost of treatment, and they require a 
long recovery period. Serious bums are frequently referred to hospitals with specialized bum 
units or for serious cases, the major burn centers. 

Decubitus (pressure) ulcers are one of the continuing problems associated with 
treatment in nursing homes and hospitals dealing with bed-ridden patients. They occur due 

-3- 



OOCID: <WO 9741208A1_I_> 



WO 97/41208 





PCT/US97/06760 



to localized pressure that restricts blood circulation to the skin. The ulcers may be quite large 
in area and penetrate to the full thickness of the dermal layer. They are difficult to heal and 
require substantial nursing resources. 

Venous ulcers result from poor circulation, particularly in the legs, associated with 
aging. Age-deteriorated veins can lose the "valve" function which keeps blood moving 
towards the heart. When this occurs, there is pooling of blood in the extremities and 
ineffective removal of toxins. This results in deterioration of the skin cells fed by the affected 
blood vessels. 

Diabetic ulcers occur through an analogous process* Diabetes causes deterioration of 
the arteries through accumulation of advanced glycosylation end products (excess sugar that 
binds to proteins) and possibly sorbitol. As these arteries deteriorate they are unable to supply 
skin cells adequately, leading to cell death. As in the case of venous stasis, there is an 
underlying circulatory defect that requires correcting to gain fill healing. However, even if 
the defect is corrected, the s ulcers may persist unless properly treated. 

A skin replacement is the ideal product for treating dermal ulcers. Repeated 
applications may be needed because the underlying defects are frequently not curable and the 
ulcers recur in 20-50% of cases. 

Surgical wounds associated with the excision of skin cancers represent another major 
application for mesenchymal stem cell skin regeneration. Surgical wounds are frequently deep 
and cosmetically disfiguring. Treatment to accelerate healing and minimize scarring (there is 
a disproportionate incidence of skin cancers lesions on the face and neck) represents a 
significant need. 

There are limited numbers of skin replacement products currently on the market and 
none of those in development appear likely to fully meet clinical needs, especially for full- and 
partial-thickness products. The measures of clinical success in skin replacement include (1) 
the ability to treat a wide range of dermal injuries; (2) the ability to replace or regenerate both 
the epidermis and the dermis skin layers; (3) a high degree of "take* or acceptance and growth 
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by the underlying tissue: (4) shortening of the natural healing process; and (5) minimal 
scarring. 

There is little evidence that current products shorten the time to healing. Therefore, 
the potential exists to substantially expand the market with a therapeutic approach that both 
improves clinical outcomes and accelerates recovery. 

True multilayer skin equivalents have not been previously possible as existing skin 
equivalents use a "surrogate matrix" for keratinocytes, such as processed allograft tissue or 
autograft skin, and all such surrogates lack a complete tissue morphogenic capacity. 

Further, the very serious negative which compromises the attractiveness of dermal 
replacement using autograft from harvested skin is the need to create a substantial surgical 
injury that requires a long recovery period, exposes the patient to increased risk of infection 
through further disruption of the dermal barrier and is exceedingly painful. 



Summary of the Invention 

The use of mesenchymal stem cells (MSCs) enables, for the first time, the development 
of an autologous dermal regeneration product. The skin repair products of the invention 
provide a true, morphogenic. multilayer, skin equivalent involving autologous MSC-derived 
dermoblasts and cultured human keratinocytes. thus comprising an autologous or autologous 
and allogeneic cell combination product. They provide full thickness dermal regeneration, 
producing accelerated healing and reduced scarring in a non-allergenic format. 

In one aspect the invention provides a multilayer skin equivalent having (i) a scaffold 
layer incorporated with dermis forming cells, and (ii) a keratinocyte layer. The dermis- 
forming cells are preferably autologous, and can be human mesenchymal stem cells, dermal 
fibroblasts (e.g., papillary or reticular dermal fibroblasts) or mixtures thereof. The scaffold 
is preferably type 1 collagen alone or type I and type III collagen in combination. It is also 
preferred that the derm is- forming cells be derived from the individual to be treated with the 
multilayer skin equivalent. Preferably, the keratinocytes are also autologous. 
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In another aspect, the invention provides a multilayer dermal equivalent comprising at 
least one dermis-forming layer selected from the group consisting of (i) a layer of at least one 
skin-associated extracellular matrix component containing papillary dermal fibroblasts: and (ii) 
a second layer of at least one skin-associated extracellular matrix component containing 
reticular dermal fibroblasts. Preferred embodiments of this aspect include those where the 
scaffold or dermis-forming layer is a multilayer selected from the group consisting of (a) a 
layer containing isolated papillary dermis-forming cells and a layer containing isolated reticular 
dermis-forming cells; (b) a layer containing isolated papillary dermis-forming cells and a layer 
containing isolated, culture expanded mesenchymal stem ceils; and (c) a layer containing 
isolated reticular dermis-forming cells and a layer containing isolated, culture expanded 
mesenchymal stem cells. The papillary and reticular fibroblasts are preferably from the same 
individual, and this is preferably the individual to whom the multilayer dermal equivalent is 
to be administered. 

In embodiments which comprise a layer of skin-associated extracellular matrix 
components containing papillary dermal fibroblasts in laminar relationship with a layer 
containing isolated mesenchymal stem cells, the product is positioned at-site on the recipient 
with the layer containing the mesenchymal stem cells in contact with the underlying tissue. 
In embodiments which comprise a layer of skin-associated extracellular matrix components 
containing reticular dermal fibroblasts in laminar relationship with a layer containing isolated 
mesenchymal stem cells, the product is positioned at-site on the recipient with the layer 
containing the reticular fibroblasts in contact with the underlying tissue. 

In yet another aspect the invention provides a multilayer skin equivalent having (i) a 
scaffold layer comprising a firsi layer of ai least one skin-associated extracellular matrix 
component containing papillary dermal fibroblasts and, in laminar relationship therewith, a 
second layer of at least one skin-associated extracellular matrix component containing reticular 
dermal fibroblasts; and (ii) a keratinocyte layer. The particular preferred embodiments of the 
dermis-forming layer are the same as those described above. 

In a further aspect the invention provides an injectable composition comprising an 
injectable composition comprising dermis forming cells and at least one skin-associated 
extracellular matrix component in a pharmaceutical^ acceptable injectable carrier. The dermis 
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forming cells can be isolated, culture-expanded mesenchymal stem cells, dermal fibroblasts 
and combinations thereof. They are preferably human and most preferably autologous. The 
dermal fibroblasts can be papillary dermal fibroblasts, reticular dermal fibroblasts or 
combinations thereof. The composition can further include keratinocytes. 

Permutations of those aspects and embodiments which include the presence of MSCs 
with keratinocytes and/or committed or differentiated dermoblasts are those in which the 
various cell types can be combined ex vivo during the manufacture of the product or one or 
more of such cell types can be administered to the recipient of the dermal or skin equivalent 
product either by adding such cells to the product while in position on an area of skin to be 
repaired or, alternatively, can be administered in vivo systemically or locally. 

With the decline in the presence of hMSCs, comes a significant decrease in of the 
ability of skin to regenerate the dermal layer. Our objective is to re-establish the ability of the 
patient to regenerate skin by providing a scaffold rich in culture expanded autologous hMSCs 
in contact with the wound bed. Our approach provides the ability to reproduce the normal 
multi-layered architecture of the skin and the normal physiology of skin turnover. The 
presence of an abundance of dermal progenitor cells will eliminate the need for subsequent 
regrafts and since the material will be entirely cells of non-foreign origin, there will be no risk 
of rejection or immune response. 

The hMSC cell therapy of the present invention provides the first in vivo skin 
progenitor product for wound care, and thus is the first true dermal regeneration product. 
Human MSC dermal progenitors can be injected directly into the wound or ulcer site, formed 
into dermal skin equivalents in a scaffold, or combined with keratinocytes to create the first 
functional multi-layer skin equivalents. 

Unlike the use of non-immunologic fibroblasts or cadaveric tissue, autologous hMSCs 
would form new dermis under the control of local bioactive factors (or added bioactive factors) 
without harvesting patient autografts or rejection from allograft tissue. Under these 
circumstances, autologous hMSC products replicate the therapeutic success of skin autografts, 
accelerate healing, reduce the need to harvest patient dermis, and substantially reduce 
hospitalization time and cost. 
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The skin and dermal regeneration and equivalent products of the invention include skin- 
associated extracellular matrix components, such as collagen (preferably type I or type I in 
combination with type III), modified collagen, and/or elastin, ICAMs, NCAM, laminin, 
fibronectin, proteoglycans (HSPG, CSPG), tenascin, heparin binding growth factors, 
E-cadherin and/or fibrillin, in combination with isolated, culture-expanded mesenchymal stem 
cells (hMSCs). These mesenchymal stem cells are the naturally occurring progenitors which 
give rise to multiple structural and connective tissues, including normal dermis. Unlike skin 
equivalents produced from collagen substrates alone or produced with a layer of non-specific 
fibroblasts, the dermal regeneration product of the invention has significantly more dermal 
regeneration potential to reconstitute the patient's own dermis which has degenerated through 
burns, ulcerations, or interrupted through acute injury or surgery. The ability to reconstitute 
normal dermis is due to the inclusion of purified autologous dermal progenitor cells in the 
multilayer skin equivalent or other product configuration where regenerating a dermal 
component would be clinically beneficial. 

The skin and dermal regeneration and equivalent products of the invention can further 
include a bioactive factor which enhances proliferation, commitment or differentiation of 
mesenchymal stem cells into dermal components, either in vitro or in vivo. Also, the products 
of the invention can further include at least one pharmaceutical agent which promotes adhesion 
or angiogenesis of the dermal skin equivalent. 

In order to obtain mesenchymal stem cells, it is necessary to isolate rare pluripotent 
mesenchymal stem cells from other cells in the bone marrow or other MSC source. Typically, 
a 10-20 cc aspirate is harvested from a patient which yields 1,000-5,000 hMSCs. 
Approximately 1-5 million culture-expanded autologous hMSCs are then returned in the form 
of a skin equivalent, which is applied as a skin patch or wound cover. The marrow or isolated 
mesenchymal stem cells can be autologous, allogeneic or from xenogeneic sources, and can 
be embryonic or from post-natal sources. The use of autologous cells is preferred. Bone 
marrow cells may be obtained from iliac crest, femora, tibiae, spine, rib or other medullary 
spaces. Other sources of human mesenchymal stem cells include embryonic yolk sac, 
placenta, umbilical cord, periosteum, fetal and adolescent skin, other soft tissues and blood. 
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The skin equivalents of the invention are indicated for use in regenerating dermis which 
has been lost through burn, ulceration, abrasion, laceration injury, or surgical wound. They 
are also suitable for treating patients who present with partial to full thickness burns, various 
dermal-involved ulcerations, and for regenerating tissue during plastic or reconstructive 
surgery. These skin equivalents contain autologous hMSCs, are dermagenic and, as such, 
regenerate dermis directly at the graft site where they are able to differentiate into one or more 
of the dermis-forming papillary, papillary follicular and reticular dermal cells. This process 
is known as Regenerative Dermal Tissue Therapy. 

The direct dermagenic activity of hMSCs is superior to harvesting skin autografts or 
other dermal collagen scaffolds because hMSCs are able to recapitulate the original 
morphogenic (tissue-forming) events involved in dermal development. Harvested autografts 
or collagen substrates are not able to recruit sufficient newly formed dermal cells, which have 
differentiated from mesenchymal progenitor ceils (hMSCs), from surrounding tissue or to 
accomplish this task in a suitable time period. 

Brief Description of t he Drawings 
Figure 1 . Papillary dermal cells labelled with Dil and reticular dermal cells labelled 
with DiO were plated together. The DiO-labelled cell (arrow) is visible when viewed with the 
fluorescein filter in place (A), but is not visible with the rhodamine filter in place (B). The 
Dil-labelled cells are visible with both filters. Magnification, 380x; 1 cm = 26^m. 

Figure 2. Growth curves comparing papillary dermal fibroblasts (A) with reticular 
dermal fibroblasts (B) from the same individual were established using unlabelled cells (•), 
Dil-labelled cells (a), and DiO-labelled cells (■). ± standard deviation of the mean. 

Figure 3. Contraction of type I collagen gels was compared for papillary dermal 
fibroblasts (A) and reticular dermal fibroblasts (B) from the same individual. Ceils, 500,000 
per 35-mm well, were unlabelled (•). Dil-labelled (a), or DiO-labelled (■), ± standard 
deviation of the mean. 

Figure 4. Contraction of type I collagen gels was compared for Dil-labelled papillary 
dermal cells alone (•), DiO-labelled reticular dermal fibroblasts alone (a), equal numbers of 
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randomly mixed Dil-labelled papillary and DiO-labelled reticular dermal cells (■), and 
bi layered gels containing equal numbers of Dil-labelled papillary and DiO-labelled reticular 
dermal cells (□). Each 35-mm well contained a total of 250,000 cells. ± standard deviation 
of the mean. 

Figure 5. Dil-labelled papillary dermal cells (A) and reticular dermal cells (B) were 
seeded separately into type I collagen gels which were cultured for 14 days. Cross-sections 
of labelled gels reveal that both types of dermal cells are present within the interior of the gel 
and some cells have traveled to the gel surfaces (arrowheads). Magnification, 155x; I cm = 
65 Am. 

Figure 6. DiO-labelled reticular dermal were seeded into a type I collagen gel which 
was cultured for 14 days. Cross-section of the gel reveals that fewer cells have migrated to 
the gel surface (arrowhead) than that shown in Fig. 5. Magnification, 155x; 1 cm = 65 /xm. 

Figure 7. Dil-labelled papillary dermal cells (A) and DiO-labelled reticular cells (B) 
were seeded into separate layers of type 1 collagen to form a bilayered gel which was cultured 
for 28 days. Cross- section of the gel was photographed in overlapping fields in order to 
present the entire thickness of the gel. The field shown in panel A was photographed using 
a rhodamine filter and the field shown in panel B was photographed using a fluorescein filter. 
The upper surface of the gel is indicated with an arrow and the lower surface is indicated with 
an arrowhead. The intensity of the Dil label was considerably less than that in Figure 1. 
Consequently, Dil-labelled cells cannot be seen with the fluorescein filter in place. Note that 
papillary cells in panel A and reticular cells in panel B remain in their respective layers. 
Dashed lines indicate the boundaries between the top and bottom portions of the gel. 
Magnification, 130x; 1 cm = 77 /xm. 

Detailed Description of the invention 

Bilayer and multilayer skin equivalents generally rely on dermal-forming cells to 
migrate into the matrix bed or framework of the replacement skin. This approach is referred 
to as "dermaconductive" in that the replacement skin matrix provides a scaffold upon which 
local dermal cells can migrate into the replacement skin matrix, form a new dermal layer while 
the skin replacement matrix resorbs. This is a passive process which requires extensive patient 
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care, prolongs the healing process, and leaves the patient susceptible to infection at the wound 
site. 



In contrast, the approach of the present invention is referred to as "dermagenic" in that 
the patient's own dermal forming cells are incorporated directly into the collagen scaffold of 
the skin equivalent. By increasing the number of the patient's own dermal progenitor cells 
(hMSCs) and incorporating them directly into the skin equivalent of the invention (together 
with an auto- or allograft keratinocyte layer), a normal and fully-functional multilayer skin can 
be restored using the body's own natural repair mechanism. 

The skin equivalents of the invention comprise the only approach to regenerating 
normal dermal and epidermal skin layers without the need for painful patient autografts of 
normal tissue or for multiple replacement of synthetic or patient epidermal layers. They 
provide a one-time replacement and regeneration product. 

Mesenchymal stem cells regenerate new dermis which conforms to the shape of the 
wound site. New dermis forms which is fully integrated with the surrounding normal host 
tissue. The collagen biomatrix components are eventually resorbed. Because the density of 
dermal-forming units is constant in the skin equivalent, the same overall rate of new dermal 
tissue forms regardless of the skin equivalent size. Substantial new full-thickness skin is 
formed 8-10 weeks after implantation, while the epidermal and dermal remodeling process is 
already well underway. Thereafter, significant tissue morphogenesis has taken place, only 
traces of the Dermagen biomatrix remain, and the neotissue is well integrated into the 
surrounding host tissue. 

Recapitulating the events of original dermal tissue formation in the implant remodeling 
process ensures long-term structural integrity at the previous wound site. Only by starting 
with dermal progenitor cells can the formation of new dermal cellular components and nominal 
architecture of extracellular matrix molecules be formed. 

The skin equivalent contains preferably hMSCs (culture-expanded autologous). Some 
versions also contain culture-expanded autologous or allogeneic epidermal cells which are 
sterile processed using FDA-approved manufacturing protocols. The hMSCs are incorporated 

-11- 



DOCID: <WO 9741208A1_I_> 



WO 97/41208 




PCT/US97/06760 



into sterile patches (fresh or frozen) with or without the inclusion of culture-expanded 
keratinocytes for subsequent explantation. 

Several embodiments are contemplated, designed to address defect situations ranging 
in both size and cellular composition, and include the following: (1) hMSCs in a collagen gel 
matrix, (2) hMSCs in a collagen gel matrix plus culture-expanded dermal cells in matrix, (3) 
hMSCs in a collagen gel matrix plus culture-expanded keratinocytes in matrix and (4) hMSCs 
in suspension for direct injection into wound bed, autograft, or other skin equivalent. 

The skin equivalents are prepared using a scaffold material and the patient s own cells 
(hMSCs) which have been previously harvested for purification and expansion. Approximately 
3-4 weeks after harvest, the patient's cells are used to commence the regenerative tissue 
therapy process. 

Using sterile products, a bone marrow aspirate from the medial posterior iliac crest is 
obtained by standard aseptic technique at the patient's bedside or in an office procedure. A 
minimum sample size of 10-20cc is required to assure an adequate concentration of hMSCs 
in the primary cultures. This can be obtained through enrichment of bone marrow, initiation 
of proliferation in vitro or by culture-expansion. 

Since hMSCs decline with age. it is important to obtain the proper starting stem cell 
concentration. Nucleated cells are harvested from the bone marrow and subsequently 
processed in individual batches under sterile tissue culture conditions which promote selective 
attachment of patient s rare mesenchymal stem cells. Typically, only 100 to 500 hMSCs per 
10-50 million nucleated marrow cells (or fewer in the case of elderly patients) attach and grow 
in tissue culture. This translates up to approximately 5,000 hMSCs per lOcc marrow aspirate. 
The remainder of the cell population contains various types of non-adherent hematopoietic 
cells, stromal cells and other adherent non-MSC cells, which are removed early in the cell 
culturing procedure. 

Adherent marrow-derived hMSCs have homogeneous morphology, almost all being 
fibroblastic, with rare, polygonal cells. The adherent cells are seen as individual cells or small 
colonies of only a few cells on day 3; however, they replicate rapidly and form colonies of 
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50-200 cells within the first week of culture. By 10-14 days, the colonies of mesenchymal 
stem cells have expanded in size with each colony containing several hundred to several 
thousand cells. 

To maintain mesenchymal stem cells in their undifferentiated state and to control their 
rate of replication, each primary hMSC culture is passaged into new culture vessels when the 
culture becomes - 80-90% confluent. Cells in newly passaged cultures attach to form a 
uniformly distributed layer of cells which are 25-35% confluent at the time they are passaged. 
Cells continue to divide and are again passaged when cell density reaches -80-90% 
confluence, yielding an average of 5 million cells per T-flask culture vessel. All preparations 
are culture-expanded in a fetal calf serum or chemically-defined medium which does not 
require the addition of fetal calf serum or other serum supplements. One such chemically- 
defined medium is described in commonly assigned, copending U.S. serial no. 08/464,599 
filed June 5, 1995. 

Cells from each culture vessel can be repeated many times without a loss in the 
osteochondrogenic potential of the cells. Therefore, a single primary culture starting with 100 
to 500 adherent human mesenchymal stem cells can be expanded to well over one billion (1 
x 10 9 ) cells. Typically, however, a small 10-20cc marrow aspirate provides 25 primary 
culture vessels of up to 5 million cells, and consequently, sufficient cells for most skin 
equivalents of the invention can be obtained in 1-2 passages. 

All procedures should be performed under standard aseptic conditions following 
accepted guidelines for therapeutic wound management procedures. Autologous mesenchymal 
stem cells will be maintained in a liquid suspension inside a sterile, sealed packet and should 
be maintained between 2°C and 8°C (36°F and 46°F) until the time of the dermal regeneration 
procedure, or thawed for 2 hours prior to explanation. All aspects of the patient's autologous 
hMSC procedure should be performed in accordance with the accepted standards for burn 
autograft and wound/laceration management. 

Human mesenchymal stem cells (hMSCs) are used as the active, therapeutic component 
of products in three areas. First, MSCs are produced as part of a cellular support system for 
the epidermal keratinocyte layer in vitro during the production of a living skin equivalent 

-13- 



OOCID: <WO 9741208A1_L> 



WO 97/41208 




PCT/US97/06760 



product. Second, MSCs are used as pan of a multi-layered skin equivalent graft in vivo 
serving as an active, dermagenic component to aid in the tissue regeneration process. Third, 
MSCs are used in deep wounds to regenerate parts of the reticular dermal layer and, 
potentially, to contribute to the regeneration of muscle tissue in the hypodermal layer. 

The invention provides products for effective regeneration therapy to create a third 
generation, multilayer, morphogenic skin equivalent, taking advantage of the dermal lineage 
potential of the MSC(s). An important component is the development of dermal fibroblasts 
in vitro starting from cultures of MSCs. Learning to recognize the markers of specific types 
of dermal fibroblasts and controlling the process of MSC differentiation permits better 
outcomes and outcome measurements in dermal regeneration. The MSCs and their progeny 
are designed to provide an active, regenerative dermal bed for the support of skin equivalent 
grafts. By replenishing pans of the papillary dermis, reticular dermis, and, possibly, muscle 
layers underneath the skin graft, a much more comprehensive remedy can be achieved. 

One dermal regeneration product embodiment comprises autologous MSCs integrated 
as pan of a multilayer, living skin equivalent. Another embodiment includes gel or other 
formulations of MSCs for implantation in deep wounds prior to placement of the living skin 
equivalent graft. The replacement of dermal layers of tissue offers an important opportunity 
to provide dermal growth factors that promote the proper and rapid integration of skin or skin 
equivalent grafts at a wound or ulcer site. Funher. the reconstituted dermis becomes a cellular 
network to recruit new host vasculature quickly to support hearing. 

MSCs occur in both the papillary and reticular dermal layers of skin, and that the 
numbers of MSCs in dermis decrease with age, generally disappearing beyond 20 years of age. 
MSCs can undergo differentiation into dermal cells in multiple culture systems in vitro, 
including embryonic skin spheroids (ESS) and collagen gel layers. MSCs support keratinocyte 
growth in culture equally well as do dermal fibroblasts. Further, it is important to identify 
markers that can be used in vitro and in vivo to determine: (1) when the MSC has committed 
and/or differentiated to dermal fibroblasts and (2> what kind of dermal cell has been produced 
by the MSC. Presently, functional assays for dermal cells include the support of keratinocytes 
and the rate of shrinking of collagen gels. Immunochemical markers on the cells themselves 
or in the extracellular matrix are currently used, including collagens (1, HI, IV, VI, VII), 
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I-CAMS, N-CAM, laminin, fibronectin, proteoglycans (HSPG, CSPG), tenascin, E-cadherin, 
heparin-binding growth factor, and fibrillin, among others. 

MSCs contribute more to the wound healing process than just dermal regeneration. 
When placed subcutaneously, MSC-based implants develop extensive host vasculature within 
a matter of days. Further, MSCs differentiate into various cell types in vitro, including 
fibroblastic cells that secrete a number of hematopoietic growth factors (e.g. GM-CSF, 
G-CSF, IL-6, IL-11) in response to external stimuli (e.g. IL-1). These observations suggest 
that MSCs may be effective tools to support the healing process by recruiting vasculature and 
supporting hematopoietic cells, in addition to forming structural components of the underlying 
dermis. In addition, MSCs have been shown to differentiate into muscle in cell culture and 
to differentiate and incorporate into myotubes in rodents in vivo. Skeletal muscle is a 
mesenchymal tissue that lies in the hypodermal layer, and MSCs migrating out of a dermal 
implant afford some restoration potential to the muscle underlying a deep wound site. Thus, 
the presence of MSCs have multiple benefits at the wound site. 

The dermal fibroblasts that make up the deep layers of skin are mesenchymal in origin, 
but the exact lineage pathway for differentiation of these cells from their progenitors is not 
fully understood. It is known from preliminary results that cells resembling mesenchymal 
stem cells (MSCs) persist in human dermis throughout childhood and into the young adult, 
decreasing with age to undetectable levels after age 20. The dermal MSCs constitute 
populations of fibroblastic cells near the keratinocyte basement membrane at the 
dermaepidermal interface, close to vasculature in the reticular dermis, and adjacent to follicles 
in the papillary dermis. 

Subcutaneous implants containing MSCs become highly vascularized within days, 
suggesting that the cells support vigorous angiogenesis. Implants with MSCs in bone and 
cartilage sites for tissue regeneration progress through the same stages of differentiation as 
those observed in the developing embryo using immunochemical markers, suggesting that the 
cells direct a true regenerative phenomenon in which the repair reiterates the ontogeny of the 
tissue. 
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The skin replacements of the invention use human MSC-derived dermal progenitors for 
the regeneration of dermis in conjunction with cultured human keratinocytes for the 
replacement of epidermis, forming a multi-layered, living skin equivalent. The use of 
MSC-based therapy is also a logical supplement to skin grafts, whether they are living skin 
equivalents, human cadaveric skin or autografts. MSC-based treatments add a regenerative 
element to the dermal layer underlying the epidermal keratinocytes, resulting in full-thickness 
dermal regeneration. This course of healing does not rely on passive infiltration of dermal 
progenitors into the wound site, but provides an active sources of dermal fibroblastic 
precursors. In addition, the MSCs signal a more rapid invasion of host vasculature. Both the 
active dermal regeneration and the increased angiogenesis ought to accelerate acceptance of 
the skin graft and integration with the surrounding host tissue. Therefore, the skin 
equivalent(s) of the invention offer a therapy that expedites healing with reduced scarring, and 
thereby reducing the period of hospital stay. 

By combining the active dermal progenitor population with the demonstrated 
effectiveness of cultured human keratinocytes as an epidermal layer, the skin equivalent(s) of 
the invention create a more effective living skin equivalent than is currently available. 
Autograft skin will be unnecessary, since it is not necessary to sacrifice no healthy tissue from 
another site on the patient for either the autologous MSC preparation or the allogeneic 
keratinocytes. The ability to expand the MSCs in culture allows one to manufacture large 
amounts of skin equivalents from an initial marrow aspirate, so there is no prohibitory barrier 
to treating large wound or ulcer areas. By using MSCs as a source of dermal progenitor cells 
rather than differentiated cells, the potential risks associated with the de-differentiation of the 
implant are minimized, because it is possible to control the progenitor status of the MSCs. 
For example, ex vivo expansion of differentiated chondrocytes leads to the proliferation of 
de-differentiated fibroblastic cells that no longer make all of the specific chondrocyte markers, 
such as collagen II, and that fail in animal models of articular cartilage regeneration. 
However, culture-expanded MSCs that are implanted in osteochondral lesions of the removal 
condyle regenerate all the normal layers of subchondral bone, hypertrophic chondrocytes, and 
articular chondrocytes. In a similar manner, dermal regeneration is best accomplished by 
MSCs acting as progenitors of dermal fibroblasts, rather than by highly differentiated, 
committed cell populations. 
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Injectable preparations, for example, sterile injectable aqueous or oleaginous 
suspensions may be formulated according to the known an using suitable dispersing or wetting 
agents and suspending agents. The sterile injectable preparation may also be a sterile 
injectable solution or suspension in a nontoxic parenterally acceptable diluent or solvent, for 
example, as a solution in 1, 3-butanediol. Among the acceptable vehicles and solvents that 
may be employed are water, Ringer's solution, and isotonic sodium chloride solution. In 
addition, sterile, fixed oils are conventionally employed an a solvent or suspending medium. 

The compositions of this invention can further include conventional excipiems, L e. , 
pharmaceutical ly acceptable organic or inorganic carrier substances suitable for parenteral 
application which do not deleteriously react with the cells or active components. Suitable 
pharmaceutical^ acceptable carriers include, but are not limited to, water, salt solutions, 
alcohol, vegetable oils, polyethylene glycols, gelatin, lactose, amylose, magnesium stearate, 
talc, silicic acid, viscous paraffin, perfume oil, fatty acid monoglycerides and diglycerides, 
petroethral fatty acid esters, hydroxymethylcellulose, polyvinylpyrrolidone, etc. The 
pharmaceutical preparations can, if desired, be mixed with auxiliary agents, e.g., lubricants, 
preservatives, stabilizers, wetting agents, emulsifiers, salts for influencing osmotic pressure, 
buffers, colorings, flavoring and/or aromatic substances and the like which do not deleteriously 
react with the cells or active components. For parenteral administration, particularly suitable 
vehicles consist of solutions, preferably oily or aqueous solutions, as well as suspensions, 
emulsions, or implants. Aqueous suspensions may contain substances which increase the 
viscosity of the suspension and include, for example, sodium carboxymethyi cellulose, sorbitol 
and/or dextran. Optionally, the suspension may also contain stabilizers. 

The following examples further illustrate but in no way limit the invention. 

Example 1 

Mesenchymal Stem Cell Epitopes in Human Skin 

The complex yet precise spatial arrangements in embryonic morphogenesis requires cells 
to express genes at specific temporal stages and at specific locales in order to acquire the 
structural and functional properties of the adult organism. Morphologic studies on the 
development of human skin reveal progressive increase in complexity and gene expression 
from undifferentiated embryonic precursors to end stage phenotypes seen in the adult. The 
continuum of events which characterize skin development have been aided by the use of 
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markers which specify different stages or events in skin development (27). The use of cell 
surface markers and antigens have been especially valuable in evaluating the state of 
differentiation of the epidermis; since both structural proteins of the epidermis and cell surface 
markers of keratinocytes at various lineage stages are available (25, 27, 28). The use of these 
markers for epidermis have allowed a detailed spatial-temporal sequence of the structure and 
function of epidermal embryogenesis and development (24, 28). 

Markers for the dermis, however, have been limited to extracellular matrix molecules 
associated with mesenchymal cells or more differentiated dermal fibroblasts. These include 
antibodies to specific collagens, elastin, proteoglycans, and other structural proteins of the 
dermis (27). Completely lacking however, are markers which can recognize dermal cells or 
stage specific subpopulations of dermal mesenchymal cells or fibroblasts. Markers for specific 
cells of the dermis which can be shown to be regulated in a spatial -temporal manner and at 
defined locales would provide valuable clues regarding dermal embryogenesis and the sequence 
of cutaneous development from the neonate to the adult. 

The dermis develops embryonically from lateral plate mesoderm and the dominant cell 
type in embryonic dermis is the mesenchymal cell which later differentiates into the dermal 
fibroblast. (23, 42).There are some more differentiated fibroblasts among the mesenchymal 
cells which may be detected with their associated matrix components. However, other cells 
are multipotential and retain the ability to differentiate into smooth muscle cells which 
contribute to the vessel wall and the erector pilli muscle, adipocytes, and specific appendage 
related fibroblastic cells: some of them may even be recruited as endothelial cells. 

Many investigators believe that mesenchymal cells persist into postnatal life as 
undifferentiated precursors of connective tissue cells (13). Mesenchymal stem cells in the 
adult organism are derived from embryonic mesoderm and are capable of giving rise to a 
variety of mesenchymal phenotypes including bone, cartilage, tendon ligament, marrow stroma, 
adipocytes, dermis, muscle and connective tissue (16). Support for this concept comes from 
studies which show that mesenchymal cells isolated from bone marrow or periosteum can form 
diverse phenotypes such as cartilage and bone when placed in the appropriate environment 
(For review see 40). Cell surface antigens on human marrow-derived mesenchymal stem cells 
have recently been detected by monoclonal antibodies (SH2, SH3. and SH4) specific to these 
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multipotential progenitor cells. These antibodies also recognize rare cells in periosteum and 
dermis (21). Therefore, by using the SH2 marker for undifferentiated mesenchymal cells, the 
contribution of this cell to dermal development can be assayed. 

In this study, we report the presence and distribution of a developmemally regulated 
antigen on the surface of a discrete population of undifferentiated mesenchymal cells in human 
dermis. The results indicate an important structural and functional role of mesenchymal stem 
cells in cutaneous development in specific locales as seen in epithelial-mesenchymal 
interactions in developing appendages, overlying epidermis, and vasculature. 

Materials and Methods 

Skin samples from autopsy specimens less than thirty six hours post mortem or from 
surgical procedures were obtained from the Human Cooperative Tissue Network at Case 
Western Reserve University. Sources of skin specimens included foreskin, abdominal, or 
breast skin. Age groups provided from this source ranged from day one to 84 years. These 
postnatal samples were plentiful such that many samples were tested (see results). Excess 
subcutaneous tissue and fat was carefully dissected from the specimens and unfixed tissues 
were embedded in OCT-Tissue Tek Freezing Medium, frozen in liquid nitrogen, and stored 
at -20°C. Frozen sections 6/xm thick were placed on gelatin coated slides and air dried. 

Embryonic sources of human skin cryosections were generously provided by Dr. Karen 
Holbrook from the departments of Biological Structure and Medicine, University of 
Washington; Seattle. Washington. At least three different specimens from each described 
cohort (see results) was examined for these samples. Age groups tested ranged from 58 day 
estimated gestational age (EGA) of human fetuses through 140 day EGA. 

Generation of antibody markers to human mesenchymal stem cells has been previously 
described by Haynesworth and will not be described here. The SH2 antibody was generously 
provided by Dr. Haynesworth for use in these studies (21). Tissue sections were incubated 
with primary antibody for 1 hour at room temperature in a high humidity chamber. Culture 
supernatant was used undiluted. Following the incubation, slides were rinsed three times with 
0.1 % BSA-PBS, and then incubated for one hour with 75-100/im of fluorescein isothiocyanate 
(FlTC)-conjugated goat-antimouse IgG (Organon Teknika), which had been diluted 1:2000 in 
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0.1% BSA-PBS. The slides were rinsed three times with 0.1% BSA-PBS and coverslipped 
with a drop of PPD immunofluorescence mounting medium (Eastman Kodak, Rochester. NY), 
and observed on an Olympus BH-2 epi-fluorescence microscope. Negative control slides 
consisted of identical analysis of sections with culture medium that did not contain antibody 
or the SBI chick antibody (55) which does not cross-react with human tissue but is of the same 
isotype as SH2 antibody. Other antibodies utilized in this study include the nerve specific 
antibody HNK-1 which recognizes an acidic glycoprotein on human peripheral nerves, central 
and peripheral nervous tissue, myelin sheaths, oligodendrocytes, Schwann cells, neurons, and 
some astrocytes (12, 17, 29). Monoclonal mouse anti-human Factor VHI-related antigen 
(DAKO) was also utilized to recognize endothelial cells and vascular tissue. Positive controls 
consisted of analysis of sections with the antibody 6E2 which was generated by Haynesworth 
and is a human specific monoclonal antibody which reacts with a large variety of human 
tissues. 

Results 

This immunohistological study examined the spatiotemporal distribution of epitopes in 
developing and postnatal human skin using a monoclonal antibody which recognizes human 
mesenchymal stem cells, lmmunostaining was performed on skin specimens from day 78 
EGA through the age of 84 years. Specimens from third trimester (greater than 180 day EGA) 
were not available. Immunoreactivity involving several layers or structures in skin from most 
superficial to deeper levels was examined including the epidermis, developing hair germs or 
hair follicles, the dermal/epidermal junction, the upper half of the dermis, vasculature plexus 
in the deep dermis, and the lower half of the dermis including the portion adjacent to the 
hypodermis. Positive immunoreactivity in all specimens was scored when a selective, bright 
green fluorescent staining pattern could be visualized which reflects the presence of reactive 
epitopes. Autofluorescence of the stratum corneum or dermal and subcutaneous fibers was 
occasionally seen as a yellowish color which could be easily distinguished from the bright 
green fluorescence seen with FITC excitation. 

For simplicity, skin embryogenesis and maturation has been regimented into specific 
periods of development based upon significant dermal or epidermal temporal landmarks related 
to morphogenesis. A brief review of these developmental periods is provided with our results. 
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CeUular Dennis. This stage is comprised by a predominantly cellular dermis with a 
relatively smaller associated matrix compared to later periods of cutaneous development. By 
8-9 weeks, there is a transition between embryonic and fetal stages of skin development (36). 
The undifferentiated mesenchymal cell is the predominant cell of the dermis and it is enmeshed 
by a loosely organized the extracellular matrix of fine fibrillar components and a gelatinous 
mixture of glycosaminoglycans and collagens. The dermis is delineated from the subcutaneous 
region (hypodermis) by a vascular plane (36). The overlying epidermis is marked by 
stratification into a simple epithelium of periderm and basal cells associated with a basement 
membrane (23). Epidermal appendages have not yet formed. Positive immunostaining by the 
SH2 antibody is observed as discrete cell surface staining to cells in close approximation to 
the lumen of vasculature in the deep portions of the dermis. These mesenchymal cells or 
perivascular cells tend to be oriented parallel to the surface epidermis. There is also 
immunostaining to discrete cells in the vascular plane at regularly spaced intervals. There is 
absence of immunostaining in the layers above the vascular plane of the dermis including the 
epidermis. 

CeUular to fibrous transition. This stage, which occurs near the end of the first 
trimester, is characterized by transition of the dermis from a cellular to a more fibrous tissue. 
The initiation of follicle morphogenesis commences during this period at approximately 11 
weeks. (28).The hair germ (the earliest recognizable follicle precursor) is seen as foci of basal 
epidermal cells which bud into the dermis and are surrounded by collections of aggregated 
mesenchymal cells. The dermis has begun to accumulate a fibrous matrix via enlargement of 
collagen fiber bundles (36). Immunostaining with the SH2 antibody reveals reactivity to cells 
lining the vasculature in the deep dermis in and scattered reactivity to other mesenchymal cells 
in the deep dermis. Reactivity is also seen to rare scattered cells in the upper half of the 
dermis again at fairly regularly spaced intervals. There is no positive immunostaining to cells 
below the basement membrane of the epidermis or to mesenchymal cells associated with 
emerging hair germs. 

Fibrous dermis. The dermis in this period is distinctly a fibrous connective tissue, 
with developing epidermal appendages extending deeply within the dermis. Vessels and nerves 
with connective tissue sheaths course throughout the dermis (44). There is a subpapillary 
vascular plexus which branches into the papillary dermis. The deep dermis boundary with the 
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hypoderrnis is defined adipose and subcutaneous connective tissue (44). The distinction 
between the papillary and reticular dermis becomes more apparent mostly due to differences 
in size between collagen bundles in the two layers, lmmunostaining with the SH2 antibody 
showed collections of cellular reactivity identified in precise locations including: subepidermal 
mesenchymal cells near the basement membrane below the epidermis, unique cells at the base 
of developing hair germs and follicles, cellular reactivity in perivascular regions of the deep 
dermis and subepidermal microvascular plexus, and scattered reactivity to single cells or 
groups of cells in the deep dermis. 

Neonatal Dermis. Postnatal dermis within the first two years of birth has all of the 
morphological landmarks associated with adult skin including well established papillary and 
reticular layers as well as fully formed epithelial appendages. It differs from embryonic skin 
due to the latter' s decreased dermal thickness, fibril diameter, ratio of type I to HI collagen, 
and higher water concentration (26). Immunofluorescence with the SH2 antibody reveals 
reactivity to discrete cells in close proximity to the dermal/epidermal junction below the 
basement membrane of the epidermis. Reactivity is noted only in the papillary dermis with 
epidermis and reticular dermis lacking reactive cells. There is a decreased number of 
immunoreactive cells in these specimens compared to embryonic skin. 

Adult Dermis. Beyond age 30, there is a complete absence of immunostaining with 
the SH2 antibody. A total of 69 postnatal specimens were immunostained. There were 30 
male and 39 female samples stained with no significant differences among age groups greater 
than age 5. Eleven of a possible eleven foreskin samples all less than age 5 exhibited 
reactivity. Only one of four abdominal samples from groups less than age 5 exhibited 
immunoreactivity. The immunoreactivity seen in the 21-30 age group represented a sample 
of female breast skin. 

Lack of immunoreactivity to the SH2 antibody in these older age groups probably 
cannot be explained on the basis of epitope masking since experiments were performed using 
several extracellular matrix digestive enzymes including hyaluronidase, trypsin, chondroitinase, 
and collagenase. Digestion of the extracellular matrix did not unmask epitopes which 
immunostained with the SH2 antibody (data not shown). 
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Nerve and vascular markers. To confirm that the SH2 antibody staining was indeed 
to cellular components of vasculature organelles, an antibody to Factor VIII related-anugen 
was utilized. Anti-Factor VHI-related antigen antibody immunostaining revealed reactivity to 
vascular organelles in the deep dermis corresponding to the deep vascular plexus in developing 
skin. It was difficult to discern if some of the reactivity to lining cells of the vasculature 
(endothelial cells) were the same cells which reacted with the SH2 antibody. Clearly the SH2 
antibody reacts to some perivascular cells. However, it is possible that the SH2 antibody 
reacts with some of the outer connective tissue sheath components of the vasculature and or 
some endothelial cells. The nerve specific HNK-1 antibody was utilized to determine if SH2 
positive cells in developing skin were reactive with cells of the nervous system. Subepidermal 
immunoreactive cells stained with the HNK-1 antibody. The morphology of the HNK-1 
antibody revealed long slender, almost linear, cellular reactivity. The most proximal portion 
of developing hair follicles also reacted with this antibody. Both of these patterns were clearly 
distinguished from the pattern noted with SH2 immunoreactivity. 

Discussion 

The results demonstrate that there are epitopes to marrow-derived mesenchymal stem 
cells present in human skin and that the spatiotemporal distribution of these cells changes with 
development and age. Specifically, the number of immunopositive cells and the foci where 
these cells reside declined with age. Our interpretations of the spatiotemporal patterns of the 
Mesenchymal Stem Cell epitope is summarized in Table 2. Precise locations including 
subepidermal mesenchymal cells near the basement membrane, unique cells at the base of 
developing hair germs and follicles, scattered reactivity in deeper layers of the dermis, and 
groups of cells in close association with developing vasculature were identified in embryonic 
samples through the second trimester. In postnatal skin, mesenchymal stem cell reactivity was 
noted in rare cells in the papillary dermis near the dermal-epidermal junction in close 
proximity to the basement membrane. These epitopes were recognized in approximately 80% 
of young-aged specimens age 0-20. Samples greater than age 20 rarely showed any positive 
immunostaining pattern. Importantly however, reactivity to cells in the deeper regions of the 
dermis was not visualized, in marked contrast to embryonic skin samples. There was no 
regional or anatomic variability in terms of immunostaining pattern in positive samples though 
areas taken from foreskin of postnatal samples most consistently exhibited reactivity. 
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Observations using human fetal tissue revealed positive immunostaining to cells of the 
subepidermal mesenchyme. There was quantitatively more cells in this region which were 
immunopositive in comparison to postpartum samples as well as a greater distribution along 
the length of the subbasement membrane region. Again, immunopositive cells were noted in 
deeper areas of dermis in fetal skin when compared to postpartum skin. Particularly, there 
was immunostaining to discrete cells at the base of developing hair follicles or hair germs and 
reactivity to groups of cells in the deep layers of dermis in close proximity to lining cells of 
the vasculature. The cells in which SH2 identified did not co-localize with dendritic cells of 
the nervous system based upon experiments with the HNK-1 antibody which recognizes 
nervous tissue. It is therefore doubtful that the cells which SH2 recognizes in the upper 
dermis are of the nervous system family. Immunostaining with the factor VHI-related antigen 
antibody shows that the SH2 antibody likely reveals cells related to developing vasculature as 
the SH2 antibody and the factor VUI-related antigen antibody recognize structures interpreted 
to be vasculature. However, factor Vlll- related antigen is a marker that becomes more 
prominent with the degree of maturation of the microvasculature in developing skin and has 
been hypothesized as a marker for endothelial cell differentiation (49). Therefore, it may not 
recognize all undifferentiated precursor vascular cells especially at early developmental 
periods. 

It is clear from the data that there are epitopes to human mesenchymal stem cells in 
human skin and that there is a specific developmental distribution of the identified ceils. 
Differences in immunoreaciivity patterns of epitopes to human marrow-derived mesenchymal 
stem cells at varying developmental stages support the hypothesis of a dermal repository for 
mesenchymal stem cells which, based upon their locale, likely play critical functional roles in 
the dermal-epidermal interaction of developing hair follicles, overlying epidermis, and 
vasculature. These roles likely include secretion of various autocrine and paracrine 
cell-signalling molecules and maintenance and elaboration of the extracellular matrix important 
for the physical properties of the dermis. 

We have focused on the morphogenesis of developing skin in temporal sequence, such 
that precise alterations in groups of cells can be appreciated. The emergence and abatement 
of the SH2 epitope with development and aging of skin tissues, and the observation that a 
distinct sub-popuJation of dermal fibroblasts and mesenchymal cells are immunopositive, 
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suggest evidence of a phenotype specific marker of dermal development. The existence of an 
epitope which recognizes mesenchymal stem cells in skin may have its origins from dermal 
embryogenesis since components of dermis originate from cells of superficial dermatome 
segments of somite mesoderm and from mesenchymal areas of the body subjacent to the skin. 
(23). This sub population of dermal fibroblasts, expressing stage specific phenotypically 
distinct molecules on their surface, likely represents a progenitor or early stage in the 
continuum of developmental and stage specific variants. This developmental progression, 
called a lineage, frequently exhibits specific cell surface epitopes which are immunologically 
detectable (16). We suggest that the cellular antibody staining represents precursor cells of 
the dermal fibroblastic lineage, specifically to mesenchymal stem cells. The epitope which the 
SH2 antibody recognizes a sub-population of mesenchymal cells which have been shown to 
form diverse phenorypes such as bone and cartilage when placed in the appropriate 
environment (21, 22). 

Furthermore, the results suggest that dermal development may proceed from the most 
distal locations to the more surface or proximal locales similar to the differentiation of stem 
cells that occurs in the epidermis (20). This is suggested by data which indicate an abundance 
of immunopositive mesenchymal stem cells in the deepest portions of dermis and at the 
vascular boundaries which separate dermis from hypodermis in the first trimester; and apparent 
migration of these cells more proximally to the epidermis during embryonic development and 
at early postnatal ages. 

Also, the significance of the locales where mesenchymal stem cells reside in skin must 
be considered. The development of the hair follicle represents a complex 
mesenchymal-epithelial interaction. Hair germs, the earliest recognizable precursors of 
follicles, represent a foci of basal epidermal cells which bud into the dermis near collections 
of particular mesenchymal cells spaced regularly beneath the dermal-epidermal junction (28). 
It is known that some of these celts express different markers when compared with cells of the 
dermal mesenchyme (51). Hair germs later develop into Hair peg by the second trimester with 
the terminus forming into a bulblike structure.. The epithelial cells of this structure later give 
rise to the inner root sheet and fiber and the surrounding mesenchymal cells later organize into 
the dermal papilla (28). Interestingly, these dermal papilla cells which are of mesenchymal 
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origin have been clearly shown to induce follicle formation and to determine hair growth and 
hair quality (52, 53). 

Mesenchymal stem cell antibody reactivity was noted to be in close approximation to 
microvasculature of the dermis. The undifferentiated mesenchymal cell seen in embryonic 
dermis likely gives rise to the vascular endothelial cell and probably the pericyte (13). The 
precursors of endothelial cells, smooth muscle cells,and other specialized cells of vasculature 
are presumed to be perivascular mesenchymal cells (37, 39). One would expect these 
precursors to be in close proximity to their differentiated progeny; the microvasculature and 
vasculature itself (41). It is also known that perivascular mesenchymal cells are implicated 
in angiogenesis and the initial phases of capillary sprouting (54). It seems likely, based upon 
their anatomic location, that the mesenchymal cells located in close proximity to vasculature 
are undifferentiated precursors that participate in angiogenesis. Indeed, it is known that the 
pericyte , derived from the mesenchyme, can exhibit pluripotentiality and may be precursors 
to cellular phenotypes such as osteoblasts and smooth muscle cells, (15, 39) 

The data also suggest an age related change in reactivity to epitopes of human marrow 
derived mesenchymal stem cells. Results reveal a decreased number of mesenchymal stem 
cells with age. This is entirely reasonable due to the tremendous morphologic and growth 
requirements of embryonic and neonatal cutaneous development. A decline in the number of 
mesenchymal stem cells with age has been seen in other tissues such as bone marrow and the 
diminution of these cells may partially explain the decreased capacity for and amount of 
osteogenic tissue in this organ with age. One can postulate that this decreased number of 
mesenchymal stem cells would have metabolic consequences on the skin since cells which 
reside in dermis have many regulatory functions on epidermal proliferation and maintenance. 
Cutaneous changes in skin which are known to be associated with aging include flattening of 
the dermal-epidermal junction, decreased epidermal turnover, increased disorder and 
heterogeneity of epidermal keratinocytes, and changes in extracellular matrix components such 
as collagen and elastin (19. 32. 34, 48). 

One assumption of this study is that epitope which recognizes human marrow derived 
mesenchymal stem cells also recognizes the same cell type in human skin. We believe that 
the specific locales of epitope reactivity to regions where pluripotential cells and complex 
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mesenchymal-epiihelial interactions occur is not a coincidence. The locales of epitope 
reactivity clearly make anatomic and functional sense for an undifferentiated cell of 
mesenchymal origin. Although this study depends on precise immunohistochemical and 
histological observations.future studies need to be performed in which these cells are isolated 
and proven to exhibit phenorypic characteristics of the mesenchymal stem cell derived from 
bone marrow. These tests may include the presence or absence of other immunological 
markers and/or the ability to form multiple phenotypes when placed in the appropriate 
environment. 

F.yample 2 

Establishment of in vitro System s for Differentiating 
MSCs into Dermal Fibroblasts 

This series of studies is directed to development of reagents that distinguish human 
dermal fibroblasts from MSC. These reagents (antibodies, oligonucleotide probes, responses 
to growth factors) are screened against developing skin (e.g. embryonic skin spheroids, frozen 
sections of fetal tissues) to determine if these markers of MSC differentiation correlate with 
nominal development. Once markers are selected, MSCs are treated in vitro in cell culture 
under conditions that promote their differentiation in a dermal lineage (e.g. by varying media, 
matrix molecules, soluble growth factors, co-cultured cells). Components required for dermal 
differentiation to produce a routine, defined media in which quantitative assays of 
dermagenesis can be performed are identified. Ultimately, markers of dermal differentiation 
for the MSCs are then compared to human cell lines of papillary and reticular dermal origin 
to distinguish these two subtypes among the MSC progeny. 

The production of reagents that distinguish markers of dermal differentiation involves 
monoclonal antibody isolation and molecular cloning strategies. Antibody methodologies 
capitalize on those that have been successful in other mesenchymal lineages, most notably that 
for osteogenic differentiation. Cell surface antigens targeted initially by immunizing mice with 
whole cell preparations or plasma membrane fractions of human dermal fibroblasts. These 
cells can either be derived from primary tissue explants or from human cell lines that are 
available as described infra. Screening of the immune sera and, subsequently, hybridoma 
supernatants is performed on primary cultures of undifferentiated MSCs versus dermal 
fibroblast lines. Antibodies specific to dermal cells over MSCs are carried further to 
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secondary screens using human fetal neonatal immature and adult skin biopsies in frozen 
sections by immunofluorescence. While screening microscopically on tissues is tedious, it 
permits the selection of those antibodies that most closely reflect the normal differentiation of 
dermis in vivo. 

Selected antibodies are used to purify their corresponding antigen from dermis and 
dermal cell lines by immuno methods. Partial sequence analysis of the antigen will be 
adequate to identify the protein, if known, from existing sequence databases. Otherwise, the 
cDNA will be identified by standard molecular cloning procedures from dermal fibroblast 
cDNA libraries. In cases where the antigen is not a protein (e.g. carbohydrate), standard 
analytical chemistry techniques are utilized for chemical composition and mass spectrometric 
determinations. 

Molecular approaches to identifying novel cDNAs are performed, in parallel to the 
antibody development. These experiments include: 1) screening MSCs and dermal fibroblast 
cell lines for known families of molecules by RT-PCR and direct oligonucleotide probes of 
Poly A + -RNA using degenerate probes. This is done to determine novel molecules that are 
members of known groups, such as the TGF-0 receptor superfamily, integrin family, 
immunoglobulin/cell adhesion molecule superfamily, etc. As these screens continue, 
differential display techniques identify cDNAs found in dermal cells but not in MSCs. Partial 
DNA sequence will be sufficient 10 identify novel molecules from those already known, 
although novel isoforms of or splice variants of known require more extensive analysis. For 
the novel molecules identified, polyclonal antibodies are prepared in rabbits either to bacterial 
expressed recombinant fusion proteins or to synthetic peptide antigens. These antibodies are 
useful used to confirm the presence of the protein product in dermis. 

Primary cultures of human MSCs are exploited to set up dermal differentiation assays 
in vitro. Briefly, iliac crest marrow aspirates (20 ml) are obtained from volunteer donors, and 
filtered to remove bone chips. The cell suspension is layered on a Percoll step gradient of 
1 .073 g/ml density, and the interface fraction is collected. The cells are plated in plastic tissue 
culture flasks for MSC selection and expansion. When the cells become 80-90% confluent, 
they are trypsinized, washed, and replated at a density of 1:3. 
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Preliminary studies have established that inhibitors of the cell division cycle, known 
as cyclin-dependent kinase inhibitors (cdki) are expressed very early upon commitment of the 
MSCs to differentiation. Luciferase reporter gene constructs have been prepared under control 
of the promoter of one of these cdki genes, the p2l (cip 1, wafl). These constructs are 
transfected into the MSCs by electroporation, and molecules forcing a commitment in the 
MSCs are screened rapidly for their ability to express luciferase. Subsequently, established 
cell surface and matrix markers of dermal cells are used as a secondary confirmation of 
differentiation. 

Critical to identifying differentiation factors in this system is the development of culture 
media and additives that promote long-term survival of the differentiated cells. The list of 
additive candidates includes polypeptide growth factors that are known to act on MSCs in other 
culture systems, such as PDGF and members of the TGF-0 superfamily. Matrix proteins that 
may promote MSC differentiation include fibronectin, which is known to be highly regulated 
during skin development. For example, the expression fibronectin produced by the MSCs by 
Northern analysis is quantified, and the dose-dependence of fibronectin as an additive to the 
media or directly to the collagen gel studied, in concert with these studies, the integrin 
profiles of the cells are monitored to determine the profile of potential fibronectin and collagen 
receptors. Primary MSC preparations are known to be negative for <*4 and for (32 integrins, 
for example, but dynamic changes can occur for these and other surface markers. The 
secreted proteoglycan profile is analyzed using existing monoclonal antibodies. 

An alternative approach is co-culture of MSCs with human keratinocytes. Preliminary 
data indicates that MSCs can support keratinocyte growth, suggesting that the keratinocytes 
produce factors that cause the MSCs to differentiate into a dermal fibroblast or dermal 
precursor cell. Direct co-cultures are performed, and, in parallel experiments are conducted 
with keratinocyte conditioned media, irradiated keratinocyte cultures, and plates conditioned 
with matrix laid down by keratinocyte cultures. Molecules from the keratinocyte cell surface 
or conditioned media or conditioned matrix are isolated in bulk from large scale cultures, and 
characterization of the protein components are carried out. 
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Fvam plp 3 

MSCs Support Keratinocyte Growth in vitro 
to Produce a Living Skin E quivalent 
These studies address the development of an in vitro dermal differentiation model to 
the point where the progeny of MSCs can be demonstrated to support human keratinocytes in 
a multilayered system. The strategy for experimentation is as follows: first, functional assays 
of the MSCs to confirm their ability to act as a feeder layer for keratinocytes; second, gel 
contraction assays to confirm the ability of MSCs to contract collagen gels as do papillary 
dermal fibroblasts; and third, growth of MSC-derived dermal cells in submerged collagen gels 
with and without the addition of a keratinocyte layer. 

Functional Assays 

The initial assay for the MSCs is a modification of the Rheinwald-Green system [9] 
where irradiated stromal cells act as a feeder layer for keratinocytes. Dermal cell lines from 
the papillary or dermal layers of skin from 22-month and 51 -year old patients were obtained. 
The dermal cells or MSCs, seeded at approximately 10 5 per 100-inm dish received 5100 rads 
from a Cobalt source. The cells cease proliferating but remain alive. Foreskin keratinocytes 
were seeded on the dishes at low density (2000 cells per dish) and cultured in media [9] for 
9 days. Keratinocyte colony counts were performed after crystal violet staining. Preliminary 
studies indicate that papillary dermal cells and MSCs support similar numbers of keratinocytes, 
and these are significantly higher than the numbers of colonies supported by reticular dermis 
cells. 

The collagen gel contraction assay is used to monitor the rate at which the 
MSC-derived dermal cells contract floating type I collagen gels. During the first 48 hours of 
plating in collagen gels, reticular dermal cells show significantly higher rates of gel 
contraction, compared to papillary dermal cells. Therefore, as a criterion of differentiation, 
the MSCs and their progeny are tested to see if their rate of gel contraction more closely 
resembles the papillary or the reticular rate. Presumably, similarity to the papillary dermal 
cells will correlate with effective support of keratinocyte cultures. 
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Optimization of CeU Co-Culture 

Conditions from the in vitro systems for MSC differentiation was optimized to promote 
keratinocyte growth in co-culture. This involves the dose and time dependence of all soluble 
polypeptide factors, as well as the basal media components. Examples of the details of these 
studies include individual media formulations varying amino acids, vitamins, ions, steroids, 
and lipids. The goal is to optimize conditions for an unirradiated culture of MSC-derived 
dermal cells to support foreskin keratinocyte growth. Ultimately, the multi-layer co-culture 
was raised to the air-water interface to initiate cornification of the epidermal surface. 

Example 4 

Construction of a Bi-Lavered Dermal Equ ivalent Containing 
Human Pflnillarv and Reticular De rmal Fibroblasts 

Dermal equivalents containing fibroblasts from humans, or other species, are known 
(56-61). While these dermal equivalents support keratinocyte proliferation and differentiation, 
their designs are improved by mimicking the natural bilayered configuration of the dermis 
which consists of two morphologically and functionally distinct layers, the papillary dermis 
and reticular dermis. (62) The relatively thin and highly cellular papillary layer is situated 
immediately subadjacent to the basal lamina and epidermis while the deeper and densely 
collagenous reticular layer comprises the bulk of the dermis. Each of these two dermal layers 
contains intrinsically different populations of cells. (63-66). Very little is known about how 
these cells, independently or in various combinations, support keratinocyte proliferation. and 
differentiation. This example shows the construction of a bilayered dermal equivalent that 
contains papillary and reticular dermal cells, each in defined layers. These cells maintain their 
positions within their respective layers. 

The studies undertaken here demonstrate the feasibility of constructing a layered dermal 
equivalent. Matched human papillary and reticular dermal cell lines (i.e., from the same 
individuals) were used to construct dermal equivalents by seeding these cells into type I 
collagen gels, as random mixtures, or as defined layers. In order to trace the movements of 
these different populations of dermal cells, it was necessary to develop a technique to 
differentiate these cells once they had been seeded into the gel. Therefore, we explored the 
use of fluorescent vital dyes 1. r-dioctadecyl-3,3,3\3'-tetramethylindocarbocyanine 
perchlorate: DiIC Ig (3) (Dil) and 3.3'-dioctadecyloxacarbocyanineperchlorate: DiOC lg (3) (DiO) 
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to provide the means of specifically and separately labelling papillary and reticular dermal cells 
and monitoring their movements within collagen gels. 

These labelling procedures meet two fundamental criteria. First, cells retain the label 
for the duration of the study. Second, the physiology of labelled cells is not compromised. 
There was no sorting of papillary and reticular cells in gels containing mixed populations of 
cells, and papillary and reticular cells, when seeded into layers, remained in their respective 
layers. Therefore, it is possible to re-create the natural configuration of the dermis in dermal 
equivalents. 

Materials and Methods 

Papillary and Reticular Dermal Fibroblast Cell Lines 

Two different papillary and reticular dermal cell lines (provided by Dr. I. A. Schafer, 
MetroHealth Medical Center, Cleveland, OH) were used for these studies. One matched set 
of cell lines was established from a 51 -year individual (lines 4 Papillary and 4 Reticular) and 
a second matched set was established from a 22-month individual (lines 6 Papillary and 6 
Reticular). Details for the isolation and culture of matched papillary and reticular cell lines 
have been published. (6) Briefly, a dermatome is used to obtain the upper layer of skin from 
the upper inner aspect of the arm at a depth of 0.38 mm and fibroblasts grown from this 
upper layer constitute the papillary population of cells. The remaining dermis is dissected to 
the hypodermis and fibroblasts grown from this layer constitute the reticular population of 
cells. Papillary and reticular dermal cells have been characterized according to their 
morphology in monolayer culture, growth kinetics, packing density at confluence and relative 
abilities to contract type 1 collagen gels. (66) 

Assays for both matched sets of dermal cell lines were performed concurrently. As 
might be expected for the divergent ages of the donors (66) the growth kinetics and gel 
contraction kinetics for the two sets of cell lines differed from each other. However, the 
presence of the vital dyes did not significantly alter the growth characteristics or the gel 
contraction characteristics of either matched sets of cells. For the sake of simplicity, only one 
set of data is presented, that from the 51-year individual. 
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Carbocyanine dyes Dil and DiO were purchased from Molecular Probes, Eugene. 
OR. A 2 mg/ml stock solution of Dil in absolute ethanoi was prepared in advance and was 
stored at 20»C. Immediately prior to use, the stock was diluted 1:250 in Dulbeccos modified 
Eagle's medium supplemented with 10% fetal bovine serum (complete DMEM). Medium 
withdrawn from monolayer cultures of dermal cells was replaced with complete DMEM 
containing the dye, and the cultures were incubated for various time periods; an overnight 
incubation at 37°C in a humidified atmosphere containing 5% CO, and 95% air was found to 
be optimal. The medium containing the dye was removed and any excess dye was removed 
by two rinses with sterile Tyrodes's solution. Labelled cells were maintained on the culture 
dishes until required for studies: normally, these cells were used immediately after labelling. 
At this point, they were detached from the dishes with 0.25% trypsin-lmm EDTA, Life 
Technologies, Grand Island, NY. The cell pellet was washed twice with complete DMEM 
before replating; however, those cells that were to be incorporated into type I collagen gels 
were washed and resuspended in serum-free DMEM. 

A saturated solution of DiO was prepared by adding 1-2 mg of dye to 1 ml of absolute 
ethanoi and the stock solution was stored at 4°C. Immediately prior to use, the stock solution 
was centrifuged and an aliquot of the supernatant was diluted 1:20 in serum-free DMEM. 
Cells released from culture plates with 0.25% trypsin - 1% EDTA were washed twice with 
serum-free DMEM, and the pelleted cells were resuspended in the diluted DiO and incubated 
for various time periods: an incubation of 10 minutes at room temperature was found to be 
optimal. The stained cells were washed twice with complete DMEM prior to plating or with 
serum-free DMEM if the cells were to be incorporated into a collagen gel. 

Determination of Cell Number 

Unstained papillary and reticular dermal fibroblasts were seeded, in duplicate, onto 
35mm culture dishes at densities of 50. 100, 150, 200 and 250 x 10 3 cells per plate. Cell 
numbers were determined from hemocytometer counts. The initial plating efficiencies varied 
for papillary and reticular cells: however, by two days, the numbers of cells per plate was 
equal to that for the initial inoculum. Therefore, day two was used for the generation of 
standard curves. 
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Cell numbers were determined by the crystal violet assay. Monolayer cultures were 
fixed on the plate for 15 minutes with 1 % glutaraldehyde in Tyrode's balanced salt solution, 
washed with water, and air dried. The cells were stained with 0.1% crystal violet for 30 
minutes and were washed three times with water to remove the excess dye. After air drying, 
the dye was extracted with 1 % Triton X-100 in water. The absorbance of the crystal violet 
dye extract was read on a spectrophotometer at 600 nm. Neither Dil nor DiO absorb light at 
600 nm; therefore, their presence does not affect the crystal violet assay. Standard curves for 
each cell line were prepared from the averages of these readings. As extrapolated from these 
standard curves, the absorbance value for 250,000 papillary cells was 0.942, while that for 
reticular cells was 1.166. 

Collagen Gels 

Type 1 collagen, acid extracted from bovine skin, was purchased from Gattefosse 
(Saint-Priest, France). This product contains 3 mg/ml collagen, of which 95-97% is type I. 
Prior to use, the collagen was dialyzed at 4°C against water adjusted to pH 3,0 with HC1 and 
was sterilized under UV light for 2-3 hours while maintaining the temperature at 4°C. 
Papillary and reticular fibroblasts, either unlabelled or labelled with Dil or DiO, were 
suspended at room temperature in serum-free DMEM. A 1.5-ml aliquot of cell suspension 
was mixed with a 1.5 ml aliquot of cold collagen. This mixture was quickly poured into wells 
of 6-well (35-mm wells) culture dishes, Costar, Cambridge, MA. The plates were incubated 
at 37°C for 15 minutes to allow the collagen to gel. Just enough DMEM + 10% FBS was 
added to wells to cover the gels (about 1 ml). Bilayered gels were prepared in the same 
manner as described above, except 0.75 ml each of cell suspension and collagen were used for 
each layer. The first layer was allowed to gel for about 15 minutes, and the second layer was 
poured over the first layer. The gels were detached from the plastic using a sterile, flat 
weighing spatula, then an additional 1 ml of medium was added to each well. Plates 
containing floating gels were incubated at 37°C in a humidified atmosphere containing 5% C0 2 
and 95% air with medium changes every 4 to 5 days. The extent of gel contraction was 
determined by measuring the diameter of the gels; three replicate gels were measured for each 
experimental set. At the termination of the gel contraction study, one gel from each set was 
processed for histological examination. Half of each gel was fixed for 4 hours at 4°C in 10% 
formalin in 0.1 M phosphate buffer at pH 7.4. (71) Fixed and unfixed gels were frozen in 
Tissue-Tek O.C.T. embedding medium (Miles Scientific, Elkart, IN) and 8-^m cryosections 
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were cut and stored frozen until immediately before the slides were viewed. Coverglasses 
were mounted with a glycerin-based mounting medium containing phenylenediamine. (72) 

Other collagen gels taken at weekly intervals, up to five weeks, were cut in half. Half 
of the gel was immediately embedded in O.C.T. embedding medium, and half of the gel was 
fixed overnight in buffered 10% formalin before being embedded in O.C.T. medium. Without 
prior fixation, the dyes diffused rapidly out of the sectioned cells when a coverglass was 
mounted. Although labelled cells could be identified, better result were obtained from samples 
that had been fixed in formalin for a minimum of 30 minutes. 

All photographs were taken on an Olympus BH2 photomicroscope with fluorescein or 
rhodamine filter sets and Kodak Tmax ASA 400 film. 



Results 

Labelling Dermal Cells with Dil and DiO 
Dye Longevity Studies 

Human cell lines, established separately from the papillary dermis and reticular dermis, 
were incubated in the presence of Dil and DiO vital dyes, which resulted in all cells being 
labelled. Cells labelled with Dil appeared bright red when viewed with a rhodamine filter, 
although most of these cells could also be seen with the fluorescein filter in place, but with 
greatly attenuated intensity. With some fluorescein filters, Dil-labelled cells appeared yellow 
which allowed them to be discriminated from the green DiO-labelled cells and from cells 
immunolabelled with fluorescein isothiocyanate-conjugated antibody. With other fluorescein 
filters, Dil-labelled cells appeared green, but could still be identified by virtue of their 
visibility when viewed with both rhodamine and fluorescein filters. Four cells are present in 
the microscopic field in Figure 1 . In panel A, the photograph was taken with the fluorescein 
filter in place and all four cells are visible. However, the DiO-labelled cell indicated by the 
arrow in panel A is no longer visible (see panel B) when the rhodamine filter is in place. The 
intensity of the Dil label is an important factor in its visualization with the fluorescein filter 
in place. Intact cells, as shown in Figure 1, emit a stronger signal for Dil than do sectioned 
cells where it is often possible to clearly discriminate between Dil- and DiO-labelled cells by 
switching filters. 
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The longevity of the dyes was studied under two situations: in cells grown as 
monolayers and in cells incorporated into type I collagen gels. When dermal fibroblasts are 
seeded onto plastic culture dishes, they attach and divide until they attain confluence. As these 
dyes are diluted upon cell division, it is important to determine whether sufficient amounts of 
dye are retained at confluence. In contrast, when adult dermal cells are seeded into type I 
collagen gels, cellular proliferation is substantially suppressed. (73-75) In this situation, any 
dye loss that might occur would be due to metabolic factors, such as membrane or organelle 
turnover. 

When seeded at low density, dermal fibroblasts continue to divide for periods up to 12 
days, by which time the cultures have become confluent. Under the conditions employed in 
this study, papillary dermal cells typically undergo 6 to 7 cell divisions. Following such 
divisions, the percentages of intensely stained, moderately stained, and unstained cells were 
determined by trypsinizing cells from culture plates and replating them onto microscope slides 
at a lower cell density suitable for counting (Table 1). 

Table 1 

Dil- and DiO-labelling in Actively Dividing Dermal Fibroblasts 



Papillary Cells Dil-labelled DiO-labelled 

Intensely Labelled 143* 46 h 42 14 

Weakly Labelled 171 54 104 65 

Unlabeled 0 0 63 21 



Reticular Cells 

Intensely Labelled 77 51 13 7 

Weakly Labelled 74 49 130 69 

Unlabelled 0 0 45 24 

4 Number of cells counted. b Percentage of total cells counted. Initially, all cells were 
labelled. The percentage of labelled cells shown here was determined on day 14 after 
labelling. 
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For papillary dermal cells, which grow at a faster rate than do reticular dermal cells, all cells 
continued to be labelled with Dil after 6 to 7 cell divisions. However, the DiO-labelled cells 
have diminished intensity with only about 60-70% of the cells stained with DiO scored as 
labelled. Both dyes appeared to be diluted by cell division, but these observations indicate that 
cells can undergo several divisions without significant loss of dye. The longevity of Dil 
appears to be superior to DiO, possibly because of its higher excitation intensity and/or 
perhaps because higher amounts are taken up by cells. There was no detectable change in cell 
morphology consequent to staining with either dye. 

Labelled cells incorporated into type 1 collagen gels were cultured for periods up to 
5 weeks. Microscopic examination of frozen sections of fixed gels revealed that all of the 
labelled dermal cells continued to be stained. This indicates that there is minimal loss of dye 
due to metabolic turnover of cell membranes and cytoplasmic organelles that retain these dyes 
under the conditions reported here. 

Growth Kinetics of Labelled and Unlabeled Papillary and Reticular Dermal 
Cells Growth curves were determined by plating 30,000 cells in triplicate onto 35-mm culture 
dishes and, on days 2 through 10. using the crystal violet assay to measure cell numbers. (69, 
70). The data used to generate the growth curves shown in Figure 2 were statistically 
analyzed using the paired t-test and the values for the Dil- and DiO-labelled cells were found 
not to be different at the 95% confidence level. Thus, cells labelled with these vital dyes grew 
at the same rates as did their unlabelled counterparts. There was an apparent decrease in the 
number of DiO-labelled papillary dermal cells on day 8. Although this decrease was not 
statistically significant at this time point, it appears to indicate the start of a process whereby 
DiO-labelled dermal cells begin to detach from the plate. This process intensifies when cells 
are cultured for longer periods of time. 

Construction of Dermal Equivalents Using Dil- and DiO-Labelled Dermal Cells 

Dermal fibroblasts, when incorporated within free-floating type I collagen gels, induce 
contraction of the gel. (56-59, 66, 67, 74) Contraction occurs in an initial rapid phase that 
lasts for about 48 hours followed by a prolonged phase of slower contraction. The rate of 
contraction during the first 48 hours has been shown to be a useful discriminator for papillary 
and reticular dermal cells. (66) As expected, equivalent numbers of reticular dermal cells 
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contracted gels at a faster initial rate than did papillary dermal cells (Figure 3). Labelling with 
Dil and with DiO, under the conditions reported here, did not alter the ability of either type 
of dermal cells to contract the gels (Figure 3). The data for the unlabelled and dye-labelled 
cells were compared using the paired t-test and were found not to be statistically significant 
at the 95% confidence level. However, cells labelled with higher concentrations of the dyes 
contracted the gels at significantly reduced rates (data not shown). 

Identifying Papillary and Reticular Dermal Cells in Mixed and Bilayered Gels 

Dermal and skin equivalents were prepared that contain papillary and reticular dermal 
fibroblasts in their native configurations, that is in a bilayer. Collagen gels containing equal 
numbers of papillary and reticular dermal cells were seeded into type I collagen gels either as 
random mixtures or as defined layers. The studies described below were performed using 
Dil-labelled papillary cells and DiO-labelled reticular cells in order to identify specific cell 
types once they had been seeded into collagen gels. 

As shown in Figure 4, the initial rate of gel contraction was different from that shown 
in Figure 3 because these gels contained half the number of cells. However, papillary and 
reticular dermal cells maintained their respective abilities to contract the gels at different rates. 
Labelling with Dil or with DiO did not interfere with gel contraction. Gels that contained 
randomly mixed papillary and reticular dermal cells contracted gels at a rate intermediate to 
that of papillary and reticular cells alone. The data for the layered gels were compared with 
that for the other gels and was found to be statistically significant at the 95% confidence level. 
Bilayered gels containing papillary and reticular cells contracted at the same rate as did gels 
that contained only reticular cells. Furthermore, these gels contracted as a single entity, which 
indicates the fusion of the two layers. 

Following the contraction study, the gels were fixed and frozen sections were cut for 
histologic examination. Some of the gels remained in culture for up to 5 weeks. Examples 
of contracted gels cultured for 2 weeks which contain Dil-labelled papillary dermal cells and 
Dil-labelled reticular cells are shown in Figures 5A and 5B t respectively. In both cases, cells 
have migrated to the surfaces of these gels to form a cellular capsule. However, fewer 
DiO-labelled cells migrate to gel surfaces (Figure 6). Those gels which were seeded with 
randomly mixed populations of papillary (Dil-labelled) and reticular (DiO-labelled) dermal 
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cells retained this random organization for at least 5 five weeks. However, very few, less than 
10%, of the cells that migrated to the surfaces of these gels were reticular dermal cells. 
Layered gels fused to form a single gel. Although migration of papillary cells and, to a lesser 
extent, reticular cells to gel surfaces was observed, there was no migration of these cells into 
the apposing layer (Figure 7). 

Discussion 

The dermis of adult skin contains two distinctive and functional layers, the papillary 
and reticular dermis, each of which contains intrinsically different populations of cells. (65, 
66) Papillary dermal cells occupy the upper portion of the dermis and provide support and 
sustenance for the overlying epidermis, while the underlying reticular cells elaborate an 
extensive collagenous matrix characteristic of the deeper dermis. (62) Techniques exist for 
obtaining highly enriched populations of either papillary or reticular dermal cells. (65, 66) 
In vitro studies indicate that papillary and reticular dermal cells differ in their morphologies 
in monolayer culture, growth kinetics, and abilities to contract type I collagen gels. (65, 66) 

The data presented here indicate that human dermal cells can be differentially labelled 
with vital dyes and, once labelled and embedded in type I collagen gels, such cells retain 
sufficient amounts of these dyes to be detected for a period of five weeks. These dyes, 
particularly Dil, did not impair the abilities of these human dermal cells to perform two 
critical multicomponent and highly coordinated cellular functions, namely cellular proliferation 
and contraction of type I collagen gels. The inherent differences of papillary and reticular 
dermal cells to proliferate and to contract gels was unaffected, which indicates that these cells 
had retained their essential physiologic characteristics. Using prelabelled papillary and 
reticular dermal cells, it was possible to demonstrate that true bilayered gels had been created. 
Histologic analysis indicated that the two halves of the gel fused, and this was confirmed by 
the fact that these bilayered gels contracted as a single entity. Although the two halves of the 
gel fused, no intermingling of different cell types occurred. 

Example 5 

MSCs for Tissue Regeneration in Deep Wounds 
Two types of formulations are described here. The first is a multilayer skin equivalent 
that takes advantage of the one or more layers of MSC-derived dermal fibroblasts, together 
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with a human keratinocyte layer. The second, an injectable formulation, is a loose collagen 
gel suspension of MSCs ihat is, for example, applied to deep wounds below a skin equivalent 
or other graft, to regenerate the lower reticular layers. 

The first improves upon current skin equivalents by providing a more complex, 
multiple dermal layer to support keratinocyte growth, rather than current fibroblast technology. 
The advantage of dermal layers over single fibroblastic feeder layers is the potential for 
improved vascular invasion to the reticular layer, while simultaneously having a superior layer 
of papillary cells to enhance the keratinocyte proliferation. The availability of early 
progenitors (MSCs) rather than fully mature dermal fibroblasts provides more rapid integration 
in the patient. 

The MSC-derived dermal cells are grown in submerged collagen gels and co-cultured 
with keratinocytes. The major parameters varied in the formulations are the type of collagen, 
the concentration, the exact timing of administering the MSCs to the gel, the state of 
differentiation of the MSCs when they are placed in the gel and the timing of the placement 
of the keratinocyte culture. Finally, raising the co-culture to the air-water interface to initiate 
cornification of the epidermis can be varied. These variables are optimized to generate a 
working formulation for in vivo studies in wounds in athymic mice. Skin grafts are tested side 
by side with those supplemented with MSCs in collagen gels without prior differentiation as 
a comrol. 

Multiple layered grafts are then used in experiments as the in vitro experiments reveal 
ways to drive MSC towards a reticular versus papillary dermal cell. These latter formulations 
will consist of two collagen gels, one that has been seeded with MSCs and allowed to 
differentiate towards a reticular dermal cells, and another seeded separately with MSCs and 
incubated under conditions that promote papillary dermal cells. The two gels are fused 
together in culture and allowed to differentially contract prior to implantation. Thicknesses 
of the layers are optimized. 

Modification of injectable formulations of MSCs already in use for other indications 
provide a loose collagen suspension with varying concentration of collagen and cells in the 
preparation. 
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What Is Claimed Is; 

1. A multilayer skin equivalent comprising: 

(i) a scaffold layer incorporated with dermis forming cells; and 

(ii) a keratinocyte layer. 

2. The multilayer skin equivalent of claim 1 wherein the dermis forming cells are 
autologous. 

3. The multilayer skin equivalent of claim 1 wherein the dermis forming cells are 
human mesenchymal stem cells. 

4. The multilayer skin equivalent of claim 1 wherein the dermis forming cells are 
dermal fibroblasts. 

5. The multilayer skin equivalent of claim 1 wherein the dermis forming cells are 
a combination of human mesenchymal stem cells and dermal fibroblasts. 

6. The multilayer skin equivalent of claim 1 wherein the scaffold layer contains 
at least one skin-associated extracellular matrix component. 

7. The multilayer skin equivalent of claim 6 wherein the skin-associated extracellular 
matrix component is selected from the group consisting of collagen, elastin, ICAMs, NCAM, 
iaminin, heparin binding growth factors, fibronectin, proteoglycans (HSPG t CSPG), tenascin, 
E-cadherin, and fibrillin. 

8. The multilayer skin equivalent of claim 1 wherein at least one of said layers 
further includes a bioactive factor which enhances proliferation, commitment or differentiation 
of mesenchymal stem cells into dermal components, either in vitro or in vivo. 

9. The multilayer skin equivalent of claim 1 wherein at least one of said layers 
further includes at leasi one pharmaceutical agent which promotes adhesion or angiogenesis 
of the dermal skin equivalent. 
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10. The multilayer skin equivalent of claim 1 wherein the dermis forming cells are 
from the individual to be treated with the multilayer skin equivalent. 

1 1 . The multilayer skin equivalent of claim 1 wherein the keratinocytes are from 
the individual to be treated with the multilayer skin equivalent. 

12. The multilayer skin equivalent of claim 1 wherein the dermis-forming cells are 
proliferated. 

13. The multilayer skin equivalent of claim 10 wherein the dermis-forming cells are 
mesenchymal stem cells. 

14. The multilayer skin equivalent of claim 1 wherein the keratinocytes are 
proliferated on the scaffold layer. 

15. The multilayer skin equivalent of claim 1 wherein the keratinocytes are 
proliferated on the scaffold layer in Rheinwald Green medium. 

16. The multilayer skin equivalent of claim 1 wherein the dermal forming cells are 
mesenchymal stem cells that have been pretreated with bioactive dermal lineage induction 
factors and the result dermal fibroblasts are proliferated or further differentiated in the 
scaffold. 

17. A multilayer dermal equivalent comprising at least one dermis forming layer 
selected from the group consisting of: 

(i) a layer of at least one skin-associated extracellular matrix component 
containing papillary dermis forming cells: and 

(ii) a layer of at least one skin-associated extracellular matrix component 
containing reticular dermis forming cells. 

18. The dermal equivalent of Claim 17 wherein the dermal forming ceils of either 
layer is selected from the group consisting of (a) the combination of mesenchymal stem cells 
and reticular fibroblasts and (b) the combination of mesenchymal stem cells and papillary 
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fibroblasts and (c) either layer may be any one of mesenchymal stem cells, reticular fibroblasts 
and papillary fibroblasts alone. 

19. The dermal equivalent of Claim 17 which comprises: 

(i) a layer of at least one skin-associated extracellular matrix 
component containing isolated papillary dermis forming cells; and, in laminar relationship 
therewith, 

(ii) a layer of at least one skin-associated extracellular matrix 
component containing isolated reticular dermis forming cells. 

20. The dermal equivalent of Claim 17 which comprises: 

(i) a layer of at least one skin-associated extracellular matrix 
component containing isolated papillary dermis forming cells; and, in laminar relationship 
therewith, 

(ii) a layer of at least one skin-associated extracellular matrix 
component containing isolated, culture expanded mesenchymal stem cells. 

21. The dermal equivalent of Claim 17 which comprises: 

(i) a layer of at least one skin-associated extracellular matrix 
component containing isolated reticular dermis forming cells; and, in laminar relationship 
therewith, 

(ii) a layer of at least one skin-associated extracellular matrix 
component containing isolated, culture expanded mesenchymal stem cells. 

22. The dermal equivalent of Claim 17 wherein the skin-associated extracellular 
matrix components of the first and second layers are independently selected from the group 
consisting of collagen, elastin, ICAMs, NCAM, laminin, fibronectin, proteoglycans (HSPG, 
CSPG), tenascin, heparin binding growth factors, E-cadherin, and fibrillin; 

23. The dermal equivalent of Claim 18 wherein the skin-associated extracellular 
matrix components of the first and second layers are independently selected from the group 
consisting of collagen, elastin, ICAMs, NCAM, laminin, fibronectin, proteoglycans (HSPG, 
CSPG), tenascin, heparin binding growth factors, E-cadherin, and fibrillin. 
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24. The dermal equivalent of Claim 19 wherein the skin-associated extracellular 
matrix components of the first and second layers are independently selected from the group 
consisting of collagen, elastin. ICAMs, NCAM, laminin, fibronectin, proteoglycans (HSPG, 
CSPG), tenascin, heparin binding growth factors, E-cadherin, and fibrillin. 

25. The dermal equivalent of Claim 20 wherein the skin-associated extracellular 
matrix components of the first and second layers are independently selected from the group 
consisting of collagen, elastin, ICAMs, NCAM, laminin, fibronectin, proteoglycans (HSPG, 
CSPG), tenascin, heparin binding growth factors, E-cadherin, and fibrillin. 

26. The multilayer skin equivalent of claim 17 wherein at least one of said layers 
further includes a bioactive factor which enhances proliferation, commitment or differentiation 
of mesenchymal stem cells into dermal components, either in vitro or in vivo. 

27. The multilayer skin equivalent of claim 17 wherein at least one of said layers 
further includes at least one pharmaceutical agent which promotes adhesion or angiogenesis 
of the dermal skin equivalent. 

28. . The dermal equivalent of Claim 17 wherein the papillary and reticular dermis 
forming cells are dermal fibroblasts. 

29. The dermal equivaleni of Claim 17 wherein the papillary and reticular 
fibroblasts are from the same individual. 

30. The dermal equivalent of Claim 29 wherein the papillary and reticular 
fibroblasts are from the individual to whom the multilayer dermal equivalent is to be 
administered. 

31. A multilayer skin equivalent comprising: 

(i) at least one dermis forming layer selected from the group consisting of a 
layer of (a) a layer of at least one skin-associated extracellular matrix component containing 
papillary dermis forming cells, (b) a layer of at least one skin-associated extracellular matrix 
component containing reticular dermis forming cells, (c) a layer of at least one skin-associated 
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extracellular matrix component containing isolated, culture expanded mesenchymal stem cells; 
and which further comprises 

(ii) a keratinocyte layer. 

32. The skin equivalent of Claim 31 wherein the dermis forming layer comprises: 

(i) a layer of at least one skin-associated extracellular matrix 
component containing isolated papillary dermis forming cells; and, in laminar relationship 
therewith, 

(ii) a layer of at least one skin-associated extracellular matrix 
component containing isolated reticular dermis forming cells. 

33. The skin equivalent of Claim 31 wherein the dermis forming layer comprises: 

(i) a layer of at least one skin-associated extracellular matrix 
component containing isolated papillary dermis forming cells; and, in laminar relationship 
therewith, 

(ii) a layer of at least one skin-associated extracellular matrix 
component containing isolated, culture expanded mesenchymal stem cells. 

34. The skin equivalent of Claim 31 wherein the dermis forming layer comprises: 

(i) a layer of at least one skin-associated extracellular matrix 
component containing isolated reticular dermis forming cells; and, in laminar relationship 
therewith, 

(ii) a layer of at least one skin-associated extracellular matrix 
component containing isolated, culture expanded mesenchymal stem cells. 

35. The skin equivalent of Claim 3 1 wherein the skin-associated extracellular matrix 
components of the first and second layers are independently selected from the group consisting 
of collagen, elastin, ICAMs, NCAM. laminin, fibronectin, proteoglycans (HSPG, CSPG), 
tenascin, heparin binding growth factor. E-cadherin, and fibrillin. 

36. The skin equivalent of Claim 32 wherein the skin-associated extracellular matrix 
components of the first and second layers are independently selected from the group consisting 
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of collagen, elastin, ICAMs, NCAM, laminin, fibronectin, proteoglycans (HSPG, CSPG), 
tenascin, heparin binding growth factor, E-cadherin, and fibrillin. 

37. The skin equivalent of Claim 33 wherein the skin-associated extracellular matrix 
components of the first and second layers are independently selected from the group consisting 
of collagen, elastin, ICAMs, NCAM, laminin, fibronectin, proteoglycans (HSPG, CSPG), 
tenascin, heparin binding growth factor, E-cadherin, and fibrillin. 

38. The skin equivalent of Claim 34 wherein the skin-associated extracellular matrix 
components of the first and second layers are independently selected from the group consisting 
of collagen, elastin, ICAMs, NCAM, laminin, fibronectin, proteoglycans (HSPG, CSPG), 
tenascin, heparin binding growth factor, E-cadherin, and fibrillin, 

39. The multilayer skin equivalent of claim 31 wherein at least one of said layers 
further includes a bioactive factor which enhances proliferation, commitment or differentiation 
of mesenchymal stem cells into dermal components, either in vitro or in vivo. 

40. The multilayer skin equivalent of claim 31 wherein at least one of said layers 
further includes at least one pharmaceutical agent which promotes adhesion or angiogenesis 
of the dermal skin equivalent. 

41. The skin equivalent of Claim 31 wherein the papillary and reticular fibroblasts 
are from the same individual. 

42. The skin equivalent of Claim 41 wherein the papillary and reticular fibroblasts 
are from the individual to whom the multilayer dermal equivalent is to be administered. 

43. An injectable composition comprising dermis forming cells and at least one skin- 
associated extracellular matrix component in a pharmaceutical^ acceptable injectable carrier. 

44. The composition of claim 43 wherein the dermis forming cells are selected from 
the group consisting of isolated, culture-expanded mesenchymal stem cells, dermal fibroblasts 
and combinations thereof. 
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45. The composition of claim 44 wherein the dermal fibroblasts are selected from the 
group consisting of papillary dermal fibroblasts, reticular dermal fibroblasts and combinations 
thereof. 

46. The composition of claim 43 wherein the dermis forming cells are human. 

47. The composition of claim 46 wherein the papillary and reticular fibroblasts are 
from the same individual. 

48. The composition of claim 47 wherein the papillary and reticular fibroblasts are 
from the individual to whom the multilayer dermal equivalent is to be administered. 

49. The composition of claim 43 wherein the at least one skin-associated extracellular 
matrix component is selected from the group consisting of collagen, elastin,I-CAMS, N-CAM, 
laminin, fibronectin, proteoglycans (HSPG, CSPG), tenascin, E-cadherin, and fibrillin. 

50. The composition of claim 43 which further comprises keratinocytes. 

5 1 . The injectable composition of claim 43 which further includes a bioactive factor 
which enhances proliferation, commitment or differentiation of mesenchymal stem cells into 
dermal components, either in vitro or in vivo. 

52. The injectable composition of claim 43 which further includes at least one 
pharmaceutical agent which promotes adhesion or angiogenesis of the dermal skin equivalent. 
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